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Abstract
We study spin pumping in a Y3Fe5O12(YIG)/Pt/Ni81Fe19(Py) trilayer film by means of the
inverse spin Hall effect (ISHE). When the ferromagnets are not excited simultaneously by a mi-
crowave, ISHE-induced voltage is of the opposite sign at each ferromagnetic resonance (FMR). The
opposite sign is consistent with spin pumping of bilayer films. On the other hand, the voltage is of
the same sign at each FMR when both the ferromagnets are excited simultaneously. Futhermore,
the voltage greatly increases in magnitude. The observed voltage is unconventional; neither its
sign nor magnitude can be expected from spin pumping of bilayer films. Control experiments show
that the unconventional voltage is dominantly induced by spin pumping at the Py/Pt interface.
Interaction between YIG and Py layers is a possible origin of the unconventional voltage.
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I. INTRODUCTION
Spintronics has attracted attention because it is expected to realize new magnetic mem-
ories and computing devices by use of electronic spins.1 A necessity of spintronics is to
understand the nature of a spin current, a flow of spin angular momentum. The concept of
a spin current stems from spin-polarized transport in ferromagnetic metals. Ferromagnetic
metals conduct a spin-dependent electric current, a charge current accompanied by a spin
current. This current induces interesting phenomena such as giant magnetoresistance2 and
current-induced magnetization reversal3–5.
The complete separation into spin and charge currents leads to the concept of a pure spin
current, a flow of electronic spins with no charge currents. Spin pumping6–8 is a versatile
method for generating a pure spin current. This method uses magnetization precession in a
ferromagnet to inject a spin current into an adjacent metal.
Ferromagnet (F)/normal metal (NM) bilayer films have offered themselves as the bench-
mark for the validity of spin pumping. Experimental and theoretical studies have con-
centrated on this structure and contributed to a solid understanding of spin pumping.
Spin-current injection enhances magnetization relaxation in F and broadens ferromagnetic-
resonance (FMR) line width. The injection is electrically detectable in NM as well; spin-orbit
interaction in NM can convert an injected spin current into a charge current. This conver-
sion is known as the inverse spin Hall effect9–14 (ISHE) and induces an electric field EISHE
that satisfies the relation10
EISHE ∝ Js × σ. (1)
Here, Js is the spatial direction of a spin current and σ is the spin-polarization vector.
Spin pumping in F/NM/F trilayer films will be of further interest since new collective
excitation can be induced by magnetic couplings between the ferromagnets. In fact, such
excitation was verified by FMR measurements.7,16 This paper presents an experimental
investigation on spin pumping in a Y3Fe5O12(YIG)/Pt/Ni81Fe19(Py) trilayer film by means
of ISHE. DC voltage is found to be enhanced when both the ferromagnets are excited
simultaneously. The enhanced voltage is unconventional in the sense that it cannot be
explained by spin-pumping theory of F/NM bilayer films. Control experiments demonstrates
that the unconventional voltage comes from spin pumping at the Py/Pt interface. We
discuss the origin of the unconventional voltage and narrow down contributing factors on
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an experimental basis.
II. METHOD
Figure 1(a) shows a schematic illustration of a YIG/Pt/Py trilayer film. The YIG (Pt)
layer was 1 mm wide, 3 mm long and 50 nm (5 nm) thick. The Py layer was 1 mm wide,
2 mm long and 10 nm thick. We grew the YIG layer on a Gd3Ga5O12 (GGG) substrate by
a metal organic decomposition method15; we then sputtered the Pt layer on the YIG layer
and finally deposited the Py layer by the electron-beam evaporation in a high vacuum. We
attached two electrodes to the ends of the Pt layer to measure DC voltage.
The film was placed at the center of a TE011 microwave cavity at which a microwave
magnetic field (electric field) maximizes (minimizes) itself. A frequency of the microwave
was 9.44 GHz. We applied a static magnetic field perpendicular to the microwave magnetic
field. Figure 1(b) defines the out-of-plane magnetic-field angle θH and the magnetization
angle θM,YIG (θM,Py) of YIG (Py). Spin pumping injects a spin current into the Pt layer,
leaving the spin-polarization vector σ parallel to the precession axis on temporal average
[see Fig. 1(c)].10 ISHE in the Pt layer converts the injected spin current into DC voltage.
DC voltage and an FMR spectrum were measured at room temperature with changing
static-field magnitude or direction.
III. RESULTS AND DISCUSSION
Figure 2(a) shows spectra of the microwave absorption signal at θH = ±90 deg. (i.e.,
with in-plane fields). We see FMR of Py (YIG) near µ0H = 120 (300) mT. Correlating
with FMR, DC voltage appears as shown in Fig. 2(b). Remember the direction of relevant
vectors: Js ‖ yˆ, σ ‖ zˆ, and EISHE ‖ xˆ [see Fig. 1(c)]. Here, xˆ, yˆ, and zˆ represent unit
vectors in each direction. The voltage spectra are consistent with Eq. (1). At θH = 90
deg., voltage is negative at FMR of Py while it is positive at FMR of YIG. This opposite
polarity is due to the opposite directions of spin-current injection (Js ‖ ±yˆ, σ ‖ zˆ, and thus
EISHE ‖ ±xˆ). Moreover, when the field direction is reversed, the voltage sign reverses at each
FMR. This reversal is due to the opposite directions of spin polarization (Js ‖ yˆ, σ ‖ ±zˆ,
and thus EISHE ‖ ±xˆ). These results all support that the voltage is dominated by ISHE.
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The replacement of Pt with Cu reveals irrelevance of galvanomagnetic effects such as the
anomalous Hall effect and the planar Hall effect18. The replacement greatly reduces voltage.
As a result, the voltage with Cu cannot reproduce the voltage with Pt, even considering a
conductance difference between Pt and Cu. This reduction is consistent with the fact that
ISHE is negligibly small in Cu owing to weak spin-orbit interaction.
Figure 2(c) shows the θH dependence of a resonance field HFMR. The result is consistent
with previous studies of bilayer films.17 In terms of HFMR, we observed little difference
between the trilayer film and its corresponding YIG/Pt and Py/Pt bilayer films. Different
saturation magnetization between YIG and Py results in the different θH dependence of
HFMR via a demagnetization field along the y-axis [see Fig. 1(b)].
17 This enables us to
control magnetization dynamics in each layer. At θH = ±90 deg, resonance fields are
different between YIG and Py. Thus, while one magnetic layer is on resonance with large
precessional amplitude, the other is off resonance with small precessional amplitude. Around
θH = ±20 deg., on the other hand, resonance fields are nearly identical: magnetization
precesses simultaneously in the two ferromagnets.
Figure 3(a) shows the magnetic-field dependence of voltage at various values of θH . We
first confine ourselves to voltage at FMR of Py. Voltage monotonically decreases in mag-
nitude as θH approaches zero and changes its sign across θH = 0 deg.. This behavior is
consistent with Eq. (1) because EISHE ∝ Js ×σ ∝ sin θM,Py holds [see Fig. 1(b)]. To fit the
voltage spectra near FMR of Py, we used a sum of symmetric and asymmetric Lorentzian
functions10
V (H) = VSYM
(∆H/2)2
(H −HFMR)2 + (∆H/2)2
+ VASYM
2∆H/2(H −HFMR)
(H −HFMR)2 + (∆H/2)2
. (2)
Here, ∆H is the full width at half maximum and VSYM (VASYM) is the magnitude of a
symmetric (asymmetric) component of voltage. VSYM corresponds to ISHE and VASYM to
the anomalous Hall effect in this study. Fig. 3(b) bottom shows that the θH dependence of
VSYM is roughly represented by a sine curve and reveals no difference between the YIG/Pt/Py
trilayer film and a Py/Pt bilayer film.
We next focus on voltage at FMR of YIG for θH > 0 deg. Fig. 3(a) shows that as θH
decreases from 90 deg., voltage magnitude decreases and almost vanishes at 30 deg.. Notable
is that voltage of the opposite sign reappears at 20 deg.. This reversal of sign cannot be
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explained by spin pumping in a YIG/Pt bilayer film. Application of Eq. (1) to the bilayer
film yields voltage of a constant sign for θH > 0 deg. because EISHE ∝ Js × σ ∝ sin θM,YIG
holds. An unconventional feature is not limited to the sign of voltage: the upper inset in
Fig. 3(a) clearly shows enhancement of voltage near θH = 18 deg, where the resonance
fields of YIG and Py are equal. Anomalies in sign and magnitude are summarized in Fig.
3(b) and (c). At this stage, we cannot conclude that the unconventional voltage originates
in spin pumping at the YIG/Pt interface. We also need to consider spin pumping at the
Py/Pt interface; YIG and Py can affect mutual dynamics, or spin pumping via magnetic
interaction.
We note that the observed unconventional voltage cannot be attributed to heating effects
due to microwave absorption. The microwave absorption at FMR heats the magnetic layer
and may cause a heat current flowing from the magnetic layer to the Pt layer. Eventually
DC voltage is induced by thermoelectric effects such as the ordinary Nernst effect, the
anomalous Nernst effect and the longitudinal spin Seebeck effect19 (LSSE). The DC voltage
is proportional to H×∇T (ordinary Nernst effect) and M×∇T (anomalous Nernst effect
and LSSE), where T denotes temperature. The magnitude of ∇T is proportional to the
microwave absorption at FMR IFMR; thus the DC voltage is proportional to |H|IFMR sin θH
(ordinary Nernst effect) and |M|IFMR sin θM (anomalous Nernst effect and LSSE). Since
IFMR decreases as θH approaches zero, the heating effects cannot reproduce the observed θH
dependence of voltage.
Voltage anomalies appearing when HFMR,YIG = HFMR,Py suggest that magnetization dy-
namics, or spin pumping is affected by a magnetic coupling between the ferromagnets. One
of the possibilities is a dynamic exchange coupling16, a coupling via spin currents mediated
by conduction electrons in an intermediate NM layer. This coupling persists on the spin-
diffusion length scale in the NM layer and may exist in the YIG/Pt/Py trilayer film, because
Pt has a spin diffusion length of around 10 nm. To examine a dynamic exchange coupling,
we prepared a YIG/SiO2 (20 nm thick)/Pt (5 nm thick)/Py (10 nm thick) quadrilayer film.
Although a spin current is interrupted across the YIG/Pt interface, voltage anomalies per-
sist near θH = ±20 deg.. Moreover, the quadrilayer film reveals the similar θH dependence
of VSYM at FMR of YIG as observed in the trilayer film [see Fig. 4(a)]. The persistence and
the angular dependence both suggest that a dynamic exchange coupling is irrelevant to the
trilayer film.
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The voltage anomalies in the YIG/SiO2/Pt/Py quadrilayer film suggest that unconven-
tional voltage originates in spin pumping at the Py/Pt interface. To reinforce this argument,
we prepared a YIG/Pt (5 nm thick)/SiO2 (20 nm thick)/Py (10 nm thick) quadrilayer film,
where the SiO2 layer suppresses a dynamic exchange coupling by interrupting a spin cur-
rent across the Py/Pt interface. The unconventional voltage is found to disappear [see Fig.
4(b)]. This result further proves that unconventional voltage originates in spin pumping at
the Py/Pt interface.
We need to explain at least the following four features of the unconventional voltage:
(feature 1) the unconventional voltage persists even when the ferromagnets are separated by
up to about 20 nm; (feature 2) the voltage originates in spin pumping at the Py/Pt interface;
(feature 3) the voltage appears when both the ferromagnets are excited simultaneously;
(feature 4) the voltage takes extrema at θH where YIG and Py are equal in HFMR.
The long-range nature (feature 1) suggests that a dipolar coupling may be relevant to the
unconventional voltage. As shown below, however, this coupling alone is unlikely to yield
our results consistently. Magnetization dynamics in the YIG layer yields a time-dependent
dipole field20,21. A sum of the time-dependent dipole field and a microwave field act on
magnetization in the Py layer. The increased driving field may enhance the magnetization
dynamics in the Py layer. Note that YIG and Py are greatly different in volume, the
saturation magnetization, and the damping constant. These differences may enhance spin
pumping of Py while having little influence on that of YIG. On the other hand, a static
dipole coupling should lead to a resonance-field shift in the YIG/Pt/Py trilayer film. This
shift will become prominent especially when YIG and Py are excited simultaneously.22 At
least we did not observe resonance-field shifts greater than an error range of 10 mT. It is
unreasonable to infer that a dynamic dipole field enhances magnetization dynamics while a
static counterpart has little influence on resonance fields. The unconventional voltage will
need contributing factors other than a dipolar coupling.
IV. CONCLUSION
We investigated spin pumping in a YIG/Pt/Py trilayer film by means of ISHE. Un-
conventional voltage appears when both the ferromagnets are excited simultaneously by a
microwave. The voltage is attributed to spin pumping at the Py/Pt interface. The voltage
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persists when a dynamic exchange coupling is suppressed. Several features are pointed out
to characterize the unconventional voltage. The voltage persists with the ferromagnets sep-
arated by up to 20 nm (long-range feature). The voltage magnitude increases when YIG
and Py are equal in HFMR (dynamic feature). Considering these features, a time-dependent
dipolar coupling was proposed to explain the origin of the unconventional voltage. However,
our experiments show that a static dipolar coupling does not shift resonance fields. This
result appears inconsistent with the proposed mechanism. The origin of the unconventional
voltage requires further elucidation.
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FIG. 1: (a) A schematic illustration of the YIG/Pt/Py trilayer film. H is a static magnetic field.
(b) Definitions of the magnetic-field angle θH and the magnetization angle θM . H is a static
magnetic field and M is magnetization. (c) A schematic illustration of spin pumping at the Py/Pt
(left) and YIG/Pt interfaces (right). M denotes magnetization; Js the spatial direction of a spin
current; σ the polarization vector; EISHE an ISHE-induced electric field.
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FIG. 2: (a) The in-plane field H dependence of the microwave abosrption signal dI/dH. HFMR is
a resonance field. (b) The in-plane field H dependence of DC voltage V for the YIG/Pt/Py trilayer
film (red and blue circles) and the YIG/Cu/Py trilayer film (black circles). The inset shows the
H dependence of V near FMR of YIG. (c) The field-angle θH dependence of the resonance field
HFMR. The filled circles represent data for the YIG/Pt/Py trilayer film; the open triangles for the
YIG/Pt and Py/Pt bilayer films. Data are blue for YIG and red for Py.
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FIG. 3: (a) The field H dependence of DC voltage V for the YIG/Pt/Py trilayer film at magnetic-
field angles θH between −90 and 90 deg. The blue (red) dashed line represents the resonance field
of YIG (Py). Orange (black) circles indicate unconventional (conventional) voltage at FMR of
YIG. The upper inset shows the H dependence of V near FMR of YIG. The lower inset shows
experimental data (open circles) and fitting (dashed lines) at θH = 19 deg. Red and blue dashed
lines are a symmetric Lorenzian function and the green dashed line is an asymmetric Lorenzian
function. (b) The magnetic-field angle θH dependence of the resonance-field difference δHFMR.
δHFMR is defined as δHFMR = HFMR,Py − HFMR,YIG. Orange circles indicate where YIG and
Py are equal in HFMR. (c) The magnetic-field angle θH dependence of the symmetric component
of DC voltage VSYM at FMR of YIG. VSYM/ |VSYM,−90deg| is the normalized DC voltage. Circles
represent data for the YIG/Pt/Py trilayer film; triangles for the YIG/Pt bilayer film. Orange circles
indicate where YIG and Py are equal in HFMR. (d) The magnetic-field angle θH dependence of the
symmetric component of DC voltage VSYM at FMR of Py. VSYM/ |VSYM,−90deg| is the normalized
DC voltage. Circles represent data for the YIG/Pt/Py trilayer film; triangles for the YIG/Pt
bilayer film.
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